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We propose a memory device based on magnetically doped surfaces of 3D topological insulators. Magnetic 
information stored on the surface is read out via the quantized Hall effect, which is characterized by a topo- 
logical invariant. Consequently, the readout process is insensitive to disorder, variations in device geometry, 
and imperfections in the writing process. 
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Integer quantum numbers in physics can arise either 
from symmetry, for example the quantized angular mo- 
mentum associated with rotational symmetry, or from 
topological considerations, such as the quantized Hall 
conductivity in the integer quantum Hall effect (IQHE). 1 
The key distinction between these two scenarios is their 
robustness to perturbations; discreteness in the former 
breaks down in the presence of perturbations which re- 
move the symmetry, whilst in the latter the quantum 
numbers remain preserved even under relatively strong 
perturbations (such as disorder, system geometry and so 
forth). Such quantum numbers which are protected by 
topology are called topological invariants. From a prac- 
tical standpoint, it is of interest to measure and make 
use of such quantities. The most notable experimental 
measurement of a topological invariant is the quantized 
Hall conductivity of the IQHE in semiconductor quantum 
wells. 2 Owing to its remarkable precision, this is used as 
a measure for the international standard for electrical re- 
sistance. On the other hand, topological invariants might 
also be attractive in device applications with highly ro- 
bust characteristics. 

In this letter, we examine a new form of non- volatile 
magnetic storage, in which the writing process entails a 
conventional writing field, but whose electrical readout 
process is topologically protected and is consequently ro- 
bust against weak disorder and perturbations. The basis 
for our proposed device is the Hall effect mediated by 
the /c-space Berry curvature in the presence of spin-orbit 
coupling (SOC). In a recent paper, Qi et al 3 proposed a 
general 2D model for the quantum anomalous Hall effect 
for general SOC systems, and found that the charge Hall 
conductivity is topologically quantized in analogy with 
the IQHE. Here, we study a practical realization of this 
system which should exist on the metallic surfaces of 3D 
topological insulators (TIs). In particular we devise a 
Tl-based magnetic memory cell, in which a bit is stored 
via the exchange coupling of the TI surface states (SS) 
induced by magnetic doping. The magnetism induces a 



finite /c-space Berry curvature in the SS, thereby driving 
the Hall effect. 4 The readout (Hall) voltage of the cell is 
related directly to the Hall conductivity, which is highly 
sensitive to the magnetization of the FM film (i.e. the 
stored bit) but which is insensitive to weak disorder, cell 
imperfections, and cell geometry. 

Device structure. We propose the memory cell illus- 
trated in Fig. Ufa), based on a 3D TI block (e.g. Bi2Te3, 
Bi2Sb3, Sb2Te3). The SS of neutral TIs comprise of a sin- 
gle Dirac cone centered at the T-point, which have been 
observed by ARPES measurements, 5,6 with the Fermi en- 
ergy lying at the Dirac point; see Fig.QJb). Time-reversal 
(TR) symmetry guarantees degeneracy of the states at 
k = r, i.e. the surface states are gapless and are pro- 
tected by Kramer's theorem^ We consider ferromagnetic 
(FM) doping of the TI surface which induces long range 
magnetic order. 8 This breaks TR symmetry and opens 
up an energy gap at the Dirac point. Assuming that the 
magnetic surface has perpendicular magnetic anisotropy 
(for discussion, see Refs. [8[, |9j), the effective Hamilto- 
nian of the two-dimensional SS is 



H = vpa - (p x z) + 



ma 
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where p = (p x ,Py) = fck is the in-plane momentum, vf is 
the Fermi velocity, m is the internal exchange splitting, 
a = (o- x ,cr y ) and a 1 (i = x,y,z) are the Pauli spin ma- 
trices. The energy eigenvalues are H\ip T ) = E T \i/; T ) = 
T\Jv F p 2 + m 2 \i/j T ) : where |^ r ) are the single particle 
eigenstates, and r = ±1. Thus, the energy spectrum 
comprises of a conduction band (CB; r = +1) and va- 
lence band (VB; r = —1), separated by a gap A = 2\m\ 
at k = 0, as illustrated in Fig. G^c). Preliminary ex- 
periments on FM doping of TI surfaces reveal an en- 
ergy gap of order A ~ 10 meV (~ 100 K) for modestly 
doped samples (1% Mn-doped Bi2Se3). 10 Alternatively, 
the TR of the SS can be broken by a FM film coating 
the TI surfaceA±±i±2 In this case, an insulating FM film 
is required (e.g. EuO or EuS^) as the transport should 
remain solely at the TI surface. One caveat of this ap- 
proach, however, is the relatively small gap size of A ~ 1 
meV (~ 10 K) induced by FM films. 4 On the other hand, 
this technique boasts the advantage of FM films having 
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relatively high Curie temperatures Tq (see discussions 
regarding Tq later). 
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FIG. 1. (Color online) (a) Structure of proposed memory 
cell, based on a topological insulator (TI) block with a mag- 
netically doped surface. A bit is stored by the perpendicular 
magnetization of the surface. The readout process is facil- 
itated by the Hall effect; a source drives a current through 
the TI surface, and Hall electrodes measure the resulting Hall 
voltage Vh- (b) Energy band structure of neutral TI sur- 
face states (SS), showing the conduction and valence bands, 
(c) Massive, gapped energy band structure corresponding to 
magnetically doped SS. 

Berry curvature and Hall effect physics. In addition 
to the energy gap, the broken TR symmetry induces a 
finite Berry curvature in the crystal momentum /c-space. 
The appearance of the Berry curvature is ubiquitous in 
physics, and is relevant in many contexts e.g. in spin- 
tronics, optics and graphene. Carriers that are sub- 
ject to the /c-space Berry curvature undergo anomalous 
transport, 15 which drives the Hall effect. Each eigen- 
band is endowed with a Berry connection, defined by 
A T (k) = — i(ip T iVjjI^r), where \iJj t } are the single parti- 
cle eigenstates of the Hamiltonian in Eq. (pp) . This quan- 
tity represents a vector potential in crystal fc-space. The 
corresponding Berry curvature = £%jk (diAj — djAi) 
then represents an effective /c-space magnetic field, 



2(m 2 + v 2 F h 2 (kl + kl))- 



(2) 



The Hall conductivity of the SS can be quanti- 
fied via the Kubo formula, which reveals its di- 
rect relation to the Berry curvature, i.e. a xy = 

dH * (* f_)(k)n z (k)^ 16 where f T (k) = 



is the Fermi distribu- 



(e 2 M)/(f^(/ + 
1/ [exp ((£ r (fc) - E F )/k B T^ + 1 
tion of band r = ±, ksT is thermal energy, and the 
integration is carried out over all occupied states. The 
limits of integration in the expression for <j xy are gov- 
erned by the position of the Fermi level Ep with respect 
to the bands. When the Fermi level Ep lies inside the 
energy gap [see Fig. [He)] so that the VB is completely 
full and the CB completely empty (/_ = 1, /+ = 0), the 



Hall conductivity in the low temperature limit takes on 
the half-quantized value 
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which is a topological invariant. 3,4 This situation is rem- 
iniscent of the perfectly quantized Hall conductivity in 
the integer quantum-Hall effect (IQHE). Here, a xy is fi- 
nite despite an insulating bulk state due to the presence 
of conducting edge channels, just as in the IQHE. 

Reading and writing to memory cell. In our memory 
cell, a bit is stored by the magnetization M of the FM- 
doped TI surface, with, say, a "1" ("0") being stored 
by an upward (downward) pointing M. Writing to the 
cell would require a writing field whose field strength ex- 
ceeds the magnetic coercivity of the surface. Previous 
works have indicated that magnetically doped Bi 2 Te3 
should have a coercivity of He ~ 0.01 T, 14 which has 
been measured by experiment (Mn-doped B'^Tes)^ The 
soft magnetic anisotropy may be viable in MRAM and 
magnetic sensor applications, as it reduces the required 
switching field. The stored bit is read out from the cell 
via the Hall voltage Vh which is inversely proportional 
to a r 
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where / is a constant current flowing through the 
device. 7 A current source provides an electric current 
/ across the surface, whilst Hall electrodes are attached 
to the lateral sides to measure Vh as depicted in Fig. 
Ufa). In Fig. [2] (main) we plot o~ X y as a function of m for 
various temperatures. Let us first focus on the low tem- 
perature case T = K (blue, solid line), where we assume 
the Fermi level to lie at Ep = meV in the middle of the 
VB and CB. The stored bit can be read out simply by 
measuring Vh and determining its sign. In this case o~ X y 
is half-quantized at e 2 /2h for m ^ and is topologically 
robust to cell imperfections. For a typical driving current 
of / = 1 /iAj£ this corresponds to a readout voltage of 
V H = ±47 mV. 

At finite temperatures T > K, the Fermi distribu- 
tion of the carriers must be factored into the calculation 
of 

o~ X y Moreover, the size of the gap is important as the 
bulk insulating behavior can be destroyed by thermal ex- 
citations from the VB to CB (we require A ^> fc#T). In- 
creasing the gap size whilst maintaining Ep to lie within 
the gap may be achievable through the doping technique 
outlined e.g. in Ref. [l0|. There, it was found that dop- 
ing Bi2Se3 with Fe resulted in an opening of a gap to- 
gether with an upward shift of the Fermi level into the 
CB (making it n-type). The Fermi level could then be 
re-shifted back into the gap by introducing non-magnetic 
p-type dopants. Refining this two-step procedure of (i) 
opening the gap, and (ii) shifting the Fermi level into the 
induced gap could potentially accommodate very large 
gaps, whilst maintaining the Fermi level to lie inside the 
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gap. Fig. [2] (main) shows the effect of increasing T well 
beyond K. In our calculations, we assumed that the 
Fermi level lies at Ep = meV, i.e. always within the 
gap. Fig. [2] (main) shows that the thermal effect dimin- 
ishes <j xy from its quantized value at T = K, but that 
the accuracy is improved with increasing \m\. A large \m\ 
is also beneficial as it helps to preserve bulk insulating 
behavior as discussed above. For illustration, we indicate 
the points m = fc#T for each T > K (corresponding 
to A = 2k bT). From a mean field perspective, the ex- 
change splitting A = 2\m\ is given by A = nJ(S), 18 
where n is the doping concentration, J is the exchange 
coupling and (S) is the expectation of the local spin at 
saturation. Using typical values of J = 50 meVnm 2 ^ 
and (S) = 1.5 \ib for Mn-doped Bi2Te3^ a value of 
m = 30 meV corresponds to a doping concentration of 
n = 0.8 nm -2 which is of the order of typical values.— In 
Fig. [2] (inset) we study the effect of E F ^ for T = 100 
K (for illustration see Fig. 0Jc)), which indicates a gen- 
eral broadening effect. The sloped regions coincide with 
the condition \m\ < Ep, where the Fermi level lies in- 
side the CB. In our device, it is desirable to ensure that 
\m\ > Ep-, such that a xy is quantized (apart from scaling 
by the Fermi distribution). Greater accuracy of a xy is 
achieved for \m\ ^> Ep. 




FIG. 2. (Color online) (main) Hall conductivity a xy as a 
function of m for various temperatures T, with the Fermi 
level fixed at E F = meV. When T = K, a xy = ±e 2 /2h is 
perfectly quantized Q . This facilitates a topological readout 
process of a magnetic bit represented by the sign of m. For 
finite temperatures, cr xy is diminished due to scaling by the 
Fermi distribution; however, the accuracy is restored in the 
large \m\ limit. For T > K, we require a sufficiently large 
gap A = 2\m\ ^> ksT separating the conduction and valence 
bands. For illustration, we mark the points \m\ = ksT for 
each T. (inset) a xy as a function of m for T — 100 K, and 
varying Ef- For our cell operation, we require \m\ > Ef, 
where a xy is fairly robust with value a xy ~ ±e 2 /2/i which 
improves with large \m\. 

A topologically invariant readout process is attractive 
from the point of view of robustness to impurities and ge- 
ometrical imperfections, such as edge roughness, in anal- 



ogy with the IQHE. It also alleviates the use of voltage 
comparators which traditionally compare the readout sig- 
nal to a threshold voltage to determine stored bits; such 
processes are prone to noise which may lead to errors in 
bit detection. Moreover, once \m\ is sufficiently large, 
<j xy exhibits only a weak dependence on m. In practice, 
the writing process is not perfect; m is not fully switched 
to the vertical direction and will exhibit spatial fluctu- 
ations. Our proposed memory cell ensures a constant 
readout voltage even in the presence of such imperfec- 
tions. 

Despite the advantages for a topological memory cell 
or magnetic sensor, several challenges are anticipated, 
such as opening up a sufficiently large gap for high tem- 
perature operation (achieving large \m\). Furthermore, 
the Curie temperature Tc of magnetic TI surfaces needs 
to be improved drastically. Presently, experiments reveal 
that T c < 20 K for Mn 17 and Fe22 doped Bi 2 Te 3 . How- 
ever, there are hopes of increasing Tc beyond 100 K— 
in the same spirit as magnetic III-V semiconductors, 21 
for the mechanism for magnetism in the two systems are 
analogous^ 

In summary, we have proposed a memory cell based 
on magnetically doped topological insulators. Writing 
information to the cell entails switching the cell magne- 
tization. The readout process is facilitated by the Hall 
effect, which is a function of the stored information. The 
Hall voltage is a topological quantity which is insensi- 
tive to details such as edge roughness, the presence of 
impurities and defects, and imperfect writing. 
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